The dry weight of Penicillium clzrysogenum starved of an energy source decreased exponentially. The protein, RNA, DNA and endogenous respiration decreased rapidly during the first few hours of starvation and reached about 25 yo of their original values after 5 days starvation. The carbohydrate content of the mould only decreased after the first 2 days of starvation. About
of organelles in individual hyphal compartments occurred synchronously and did not seem to involve autophagy. Autolysis of separate compartments in the same hyphae was not synchronized. Ribosomes were rapidly degraded but membranes were particularly resistant to breakdown. Intra-hyphal hyphae were observed. In the final stages of autolysis the culture consisted largely of empty hyphal walls. A proportion of cytologically normal hyphal compartments were present at all stages, suggesting that maintenance and/or cryptic growth of some hyphae (or compartments) occurred at the expense of others.
I N T R O D U C T I O N
Righelato, Trinci, Pirt & Peat (1968) described the cytology of PenicilZium chrysogenum in growing chemostat cultures and the maintenance of the structural integrity of non-growing cells by adding glucose at the maintenance rate. The cytology and metobolism of the non-growing mould under conditions in which endogenous material provides the substrates for cell maintenance or growth are reported here.
Although several studies have been made of the endogenous metabolism and survival of bacterial cultures starved of one or more essential nutrients (see Dawes & Ribbons, I 964 ; Postgate, I 967) comparable investigations with moulds are lacking. The viability of a population of unicellular organisms can usually be assessed without difficulty by the criterion of growth of individual cells. With filamentous systems such determinations are not possible and cytological criteria of the metabolic integrity of hyphal units must be used. A survey of the literature has not revealed any studies of the cytological changes accompanying starvation of moulds. Lysosomal systems form part of the cellular organization of higher animal (DeDuve & Wattiaux, 1966) , protozoan (Elliott, 1969 , algal (Brandes, Buetow, Bertini & Malkoff, 1964 and possibly higher plant cells (McLean & Gahan, 1968) analogous system in fungi is not definitely established but Thornton (1968) identified autophagic vesicles in Phycomyces blakesleeanus sporangiophores on morphological criteria. Lysosome-like vesicles have also been implicated in the secretion of extracellular enzymes by moulds (Matile, 1966) . However, it may be significant that golgi, which are usually involved in lysosome formation in animal and protozoan cells (DeDuve & Wattiaux, 1966) are absent from many moulds (Bracker, 1967) .
METHODS
The organism was Penicillium chrysogenum WIS 54-1255. The chemostat growth conditions and analytical methods were as described by Righelato et al. (1968) unless otherwise stated. Dry weight and cell polymers are all expressed in terms of mould harvested from a unit volume of the culture.
Shake $ask cultures. The medium was the DAN medium described previously (Trinci, 1969) . The mould was grown in 250 ml. conical flasks containing 25 ml. of medium. Each flask was inoculated with I ml. of conidial suspension (final spore density, I to 2 x Io6/ml.) and incubated at 25" on a rotary shaker (200 rev./min.). Growth was followed by harvesting three flasks at intervals in the manner described by Trinci (1969) . The dry weight of the conidial inoculum was also determined.
EZectron microscopy. Mould samples were fixed in the following ways: (I) 2 yo (w/v) aqueous, unbuffered KMnO, for I hr at 18 to 20°. (2) 6 % (v/v) acrolein in cacodylate buffer at pH 7-2 for t hr at I 8 to 2 0 ' . (3) 4 yo (vlv) glutaraldehyde in 0.05 M-cacodylate buffer at pH 7.2, overnight at 4" or at 18 to 20'. Samples fixed in acrolein or glutaraldehyde were post-stained in I or 2 % (v/v) aqueous osmium tetroxide for I hr at 18 to 20°. The mould was dehydrated in ethanol-water mixtures and embedded in araldite. Sections were cut with an LKB ultramicrotome with glass knives. Sections of glutaraldehyde and osmium tetroxide fixed hyphae were stained with 2% (w/v) aqueous uranyl acetate for 30 min. followed by an alkaline solution of lead citrate for 5 min. (Venable & Coggeshall, I 965). Measurements of cytological features were made directly from the photographic plates.
Acid phosphatase Izistochemistry. Hyphae fixed in 4 yo (w/v) aqueous formaldehyde at 18 to 20" were used to demonstrate the location of acid phosphatase. The method described by Jensen (1962) was followed except that o-IM-ATP was used as the substrate instead of P-glycerophosphate. The mould samples were incubated in the substrate mixture for I to 2 hr at 37".
RESULTS
Changes in hyphal constituents, respiration and dry weight during glucose starvation Batch, shake-flask: culture. Growth of Penicillium chrysogenum at 2 5 O could be divided into lag, exponential, stationary and autolytic phases (Fig. I) . Autolysis of the mould commenced when the glucose in the medium was exhausted. The dry weight of the fungus decreased exponentially during autolysis; the 'half life' of the mould dry weight was about 91 hr. The time at which the mould started to autolyse was estimated and is designated zero time. Periods before the onset of autolysis are prefixed with a minus sign, and those afterwards with a plus sign (Fig. I) . This culture will subsequently be referred to as the batch culture.
Chemostat-batch culture. The medium supply to a steady state, glucose-limited culture (specific growth rate 0.051 hr-l, doubling time, 14 hr) was stopped and only
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air and the pH control agents were subsequently fed to the culture vessel. All other essential nutrients were in excess throughout the period of glucose starvation. Immediately after termination of the medium feed the concentration of glucose in the vessel was about 0.001 g./l. Lipids and glycogen or other carbohydrate reserves did not accumulate during glucose-limited growth, thus it was expected that when the medium supply was stopped the mould would become rapidly starved of an exogenous carbon and energy source.
The decrease in dry weight of this culture also approximated to an exponential curve and the 'half life' of the mould dry weight was about 62 hr (Fig. 2) . Rapid changes occurred in the nucleic acid and protein content of the mould when the medium feed was stopped (Fig. 2, 3) . From o to + 9 hr there was a linear decrease in the DNA content until it was about 20% of its original value, corresponding to a rate of decrease of about 9 yo fhr. The RNA and protein content of the mould decreased linearly at rates of 5.0 and 5-7%/hr respectively, during the period o to + 6 hr after which the rates of RNA and protein loss became slower (Fig. 2,3 ). Ammonia accumulated in the culture medium probably as a result of deamination of amino acids released during protein degradation. Considerable quantities of 260 nm. absorbing material also accumulated in the culture medium. The shift of this absorption band to about 285 nm. at pH 12 suggests that most of this was nucleotide bases and probably indicates that ribose was further metabolized (Beaven, Holiday & Dawson, 1965) . The carbohydrate content of the mould was approximately constant during the first 2 days of starvation (Fig. 2) . The general shape of the endogenous qo, curve (Fig. 4) is almost identical to that These workers suggest that the upward inflexion of the q,,, value towards the end of the curve may be attributable to cryptic growth. The quantity of carbon lost from the culture as carbon dioxide was equivalent to about 60% of the total carbon loss, assuming that carbon constitutes 47% of the dry weight (Righelato et al. 1968) .
Cytological changes during glucose starvation The same pattern of cytological development was observed in the batch and ' chemostat-batch' cultures. The ultrastructural changes were not synchronous ; some hyphae with a 'normal' cytological appearance, i.e. identical with growing cultures, were observed after 5 days starvation (Pl. I, fig. I, 2) , whilst a small proportion of hyphae sampled from steady-state, growing cultures showed clear cytological signs of autolysis. Thus the cultures were cytologically heterogenous at all stages of development, and culture age could not be used as an absolute guide to the sequence of morphological events during autolysis.
Cytological observations suggest that the autolysis of some hyphae might have provided sufficient nutrients for the maintenance or growth of the remaining hyphae (Pl. I, fig. 3 ). This phenomenon has been observed with starving bacteria and is referred to as cryptic growth (Ryan, 1955) or re-growth (Strange, Dark & Ness, 1961) . The proportion of maintained or growing hyphae decreased progressively during the starvation period. In fungi cryptic growth may, in part at least, involve the growth of hyphae within existing hyphae which are autolysing. This type of intrahyphal growth was observed in the present study (Pl. 2,  fig. 4) . In a few instances hyphae were observed with up to three concentric wall layers with cytoplasmic debris between them.
The 'normal' appearance of growing hyphae is shown in PI 2 , fig. 5 , 6. Multimembrane, myelin-like figures, usually within vacuoles, were observed in some hyphae (Pl. 3, fig. 7 ). It was not definitely established whether these are normal features of hyphae or represent early stages in cellular disorganization.
When this investigation was initiated it was thought that one response of the mould to carbon starvation might be the sequential degradation of cytoplasmic organelles in autolysosomes after the fashion observed in starving cultures of Euglena (Brandes et al. 1964 ) and other cells (DeDuve & Wattiaux, 1966) . Autolysosomes have been defined as ' membrane-lined vacuoles containing morphologically recognizable cytoplasmic components ' (DeDuve & Wattiaux, 1966) . Such structures have also been called cytolysosomes or autophagic vacuoles. Structures resembling autolysosomes were observed in the present study (PI. 3, fig. 8 ; P1. 4, fig. 12 ) but they were never very frequent and in only a few instances were nuclei observed surrounded by extra membranes (Pl. 3, fig. 9 ), whilst vesicle bound mitochondria were never observed. Histochemical demonstration of hydrolytic enzymes is commonly used to demonstrate lysosomes, however, ATPase activity was not demonstrated at the ultrastructural level although some positive results were obtained using light microscopy. The cytological disorganization of individual hyphal compartments ( = the coenocytic cell between adjacent septa) proceeded in a synchronous manner (Pl. 4, fig. 10 ) rather than by sequential breakdown of individual organelles. Frequently the cytoplasm in one compartment was in a late stage of autolysis whilst that of an adjoining compartment had a normal appearance or was in an earlier stage of disorganization (Pl. 4, fig. 11 ). Thus autolysis of the compartments of a hyphal filament was not synchronized.
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Ribosomes
One of the early changes in the cytology of starved hyphae was that the groundplasm of glutaraldehyde and acrolein fixed hyphae became less electron-dense and ceased to have a granular texture (Pl. 4, fig. 12 ).
Nuclei
The nucleoplasm of starved hyphae became less electron-dense and lost its granular texture except for a region which was probably the nucleolus (Pl. 4, fig. 12 ; P1. 5, fig. 13 ). The shape of the nuclei and the appearance of their membranes did not seem to be affected during the early stages of nuclear disorganization (PI. 4, fig. 12 ). Although nuclei were occasionally observed within vesicles, nuclear disorganization was not commonly preceded by this kind of envelopment.
Mitochondria
Mitochondria commonly retained a 'normal ' appearance in starved hyphae for a longer period than ribosomes or nuclei (Pl. 4, fig. 12 ; P1. 5, fig. 14) although mitochondrial matrices eventually became less electron-dense. Due to this difference in the rates at which various cytoplasmic components became disorganized, mitochondria appeared inore sharply delineated in starved (Pl. 4, fig. 12 ) than normal hyphal compartments (PI. I, fig. 2; PI. 2, fig. 6 ). Spherical, electron-dense bodies accumulated in the hyphae with prolonged starvation (Pl. 4, fig. 10, 12 ; PI. 5, fig. 15 ). These were sometimes membrane-bound but were too large to be Woronin bodies. Cytological evidence suggests that these electron-dense bodies may be involved in the process of mitochondrial degeneration (Pl. 5, fig. 15 ). Alternatively they may be lipid globules. In some hyphae, mitochondrial disorganization appeared to precede ribosome breakdown. The groundplasm of these mitochondria was electron-transparent and contained vesicles which may have resulted from the disorganization of cristae (Pl. 5, fig. 16 ). Mitochondria with disorganized cristae were also observed in hyphae which had already lost most of their ribosomes (Pl. 5, fig. 15 ). In many cases the inner mitochondrial membrane appeared more electron-dense than the outer one (Pl. 5,
Late stages of hyphal autolysis
In the last stages of autolysis the hyphae contained only an accumulation of disorganized membranes (Pl. I , fig. 3 ; P1.6, fig. 17 to 19) . In some cases the latter retained their characteristic 'unit membrane' appearance (Pl. 6, fig. 19 ). It was possible to discern the previous history of some of these membranes (Pl. 4, fig. 10 ). Membranes thus contain polymers, probably the phospholipids, which are particularly resistant to breakdown. There is only one reported instance of the breakdown of structural lipid during bacterial starvation (Thomas & Batt, 1969) . As autolysis proceeded, the hyphae contained fewer and fewer residual membranes (PI. I , fig. 3 ) until eventually only empty hyphal walls remained. Cytological evidence indicates that membrane loss may occur through release from ruptured hyphae rather than by enzymic degradation (PI. I , fig. 3; P. 6, fig. 18 ). Certainly detached membranes may be detected in the medium (Pl. I , fig. 3; P1. 6, fig. 18 ) and breaks in the hyphal walls were frequently observed after prolonged starvation (Pl. I , fig. 3; PI. 6, fig. 18 Autolysis of Penicillium chrysogenum 245 may also occur as a result of the breakdown of septa (Pl. 6, fig. 20) . It is not known if wall lysis was caused enzymically or mechanically but N-acetylglucosaminidase, an enzyme probably involved in chitin degradation, is certainly present in Penicillium chrysogenum (Brightwell, personal communication) and may be involved in cell-wall rupture.
Conidia were not formed at any stage during the starvation period. Optimum conditions for conidia formation require a slow feed of energy source (Righelato et al. 1968) .
D I S C U S S I O N
Under conditions of starvation due to limitations of exogenous carbon-and-energy source, Penicillium chrysogenurn must derive its maintenance energy from endogenous material. Where no reserve material is present this involves the breakdown of functional polymeric cell components and catabolism of the monomers. Two distinct mechanisms may be envisaged; (i) the progressive utilization of components of each hyphal compartment and (ii) the rapid autolysis of some hyphal compartments providing substrates for the maintenance or growth of others.
The early loss of protein, RNA and DNA from starved Penicillium chrysogenum cultures probably took place in the majority of hyphal compartments and were similar to those shown by this organism when changing from a growing to a nongrowing state in the presence of glucose supplied at the maintenance rate (Righelato et al. 1968) . In the latter case the fall in protein, RNA and DNA concentrations halted after 5 hr, whereas in the glucose-starved culture the decline continued, albeit less rapidly. The decrease in electron density and granularity of the groundplasm of starved hyphae is probably indicative of a decrease in ribosome concentration; ribosome concentration in bacteria is directly proportional to growth rate and changes rapidly with changes in growth rate (Tempest & Strange, 1966 Ben-Hamida, 1966) and, as in the present study, the rate of RNA degradation is usually fastest in the early stages of starvation (Postgate & Hunter, 1962; Burleigh & Dawes, 1967; Thomas & Batt, 1969) . The ribose derived from RNA degradation is used as an energy source in bacteria (Dawes & Ribbons, 1964) . Starved cultures of Aerobacter aerogenes (Strange et al. 1961) or Euglena gracilis (Blum & Buetow, 1963) can lose up to 50% of their intracellular RNA without loss of viability.
The rapid degradation of DNA in starved Penicillium chrysogenum cultures was unexpected, because in bacteria this component is either stable (Mandelstam, I 960 ; Burleigh & Dawes, 1967; Thomas & Batt, 1969) or decreases by only a small amount (Postgate & Hunter, I 962) during starvation ; however, Euglena gracilis, another eucaryotic organism, also degrades its DNA during starvation (Blum & Buetow, 1963) . The decrease in the electron density and granularity of the nucleoplasm of 'starved' nuclei of P. chrysogenum is presumably related to the observed loss of DNA, a conclusion which is supported by the fact that they were cytologically very similar to liver nuclei which had been treated with deoxyribonuclease prior to fixation (Georgiev & Chentzov, 1963) .
The lack of carbohydrate degradation during the first 2 days of starvation would seem to be consistent with the fact that the thickness of hyphal walls did not decrease 246
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during the 5-day starvation period (Fig. 2) . In bacteria it is generally believed that wall polymers (Dawes & Autolysis of most Penicillium chrysogenum hyphae occurred but some compartments retained the appearance of normal growing cells even after 5 days starvation, presumably these latter utilize the substrates released by autolysis. The fact that autolysis of adjacent compartments was not synchronized would imply that the septa1 pores were plugged, isolating individual compartments. There is no indication from the present work as to what determined whether a hyphal compartment would autolyse or retain its structural integrity. Autolysing hyphal compartments show a sequence of events beginning with reduction in the electron density and granularity of the groundplasm and nucleoplasm and ending in empty hyphal compartments. It would be interesting to know if there was a point of no return in this cytological and physiological sequence. The occurrence of intrahyphal growth has been reported previously (Lowry & Sussman, 1966; Chan & Stephen, 1967; Calonge, 1968) . Calonge suggests that intrahyphal growth may occur in response to unfavourable conditions, however, in the present study intrahyphal hyphae were also observed in exponentially growing cultures. Multi-membrane, myelin like figures similar to those observed in this study have been found in other fungi (Berliner & Duff, 1965; Hyde & Wilkinshaw, 1966; Osumi & Katoh, 1967; Thomas & Isaac, 1967; Smith & Marchant, 1968; Ruinen, Deinema & van der Scheer, 1968) . These structures may be artefacts (Revel, Ito & Fawcett, 1968) and unconnected with cell lysis.
Lysosomes containing several hydrolytic enzymes have not yet been isolated from fungi. The evidence that fungi possess an autophagic system similar to that present in animal cells is wholly cytological (Bracker, 1966; Thornton, 1968) . Structures which could be interpreted as autolysosomes have been observed in the present study but similar ' multi-vesicular bodies' have also been implicated in cell-wall synthesis (Marchant, Peat & Banbury, 1967) and enzyme secretion (Calonge, Fielding & Byrde, 1969) , suggesting that the function of such structures should be interpreted with considerable caution. The present study indicates that even if autophagy occurs in Penicillium chrysogerzum it does not play a dominant role in cell lysis, however, autophagy may be of considerable importance in polymer turnover during differentiation (Bracker, I 966 ; Thornton, I 968).
Finally we hope that as a result of this study the detection of autolysing cells in fungal cultures will be facilitated. Electron micrographs may be found in the literature which purport to be of growing hyphae but nevertheless these cells show clear signs of autolysis as judged by the cytological criteria established in this study. 
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Electron micrographs of Penicillium chrysogenum WIS 54-1 255. 
PLATE 4
Electron micrographs of Penicillium chrysogenum WIS 54-I 255. Fig. 10 . Chemostat-batch+ I -4 hr showing a hyphal compartment which is autolysing synchronously. Acrolein fixation. Fig. I I . Batch+ 1 6 hr showing an autolysing hyphal compartment adjacent to a compartment with a 'normal ' cytology. Glutaraldehyde fixation. Fig. 12 . Batch+2 hr showing a hypha with an electron transparent nucleoplasm and groundplasm with few or no ribosomes. The mitochondria are more sharply delineated than in 'normal' cells. Glutaraldehyde fixation.
PLATE 5
Electron micrographs of Penicillium chrysogenum WIS 54-I 255. 
PLATE 6
Electron micrographs of Penicillium chrysogenum WIS 54-1 255. Fig. 17 . Batch+ 24 hr. Autolysed hypha with an accumulation of disorganized membranes. Glutaraldehyde fixation. Fig. 18 . Batch+ I 1 6 hr. Autolysed hypha with an accumulation of disorganized membranes some of which appear to be released via a rupture in the hyphal wall. Detached membranes present outside the hypha. Glutaraldehyde fixation. Fig. 19 . Batch+ I 16 hr. Autolysed hypha with an accumulation of disorganized membranes some of which have a unit membrane structure. Glutaraldehyde fixation. Fig. 20 . Batch+ I 16 hr. Autolysed hypha with an accumulation of disorganized membranes. The septal wall between two compartments appears to be in the process of breakdown although the septal plug remains. Glutaraldehyde fixation.
